Purpose: The aim of the present study was to investigate the influence of muscle glycogen content on sarcoplasmic reticulum (SR) function and peak power output (W peak ) in elite
INTRODUCTION
Paragraph 1. Muscle glycogen is the primary source of fuel in humans during prolonged muscle activity. The now well-established relationship between muscle glycogen and work capacity during prolonged exercise strongly suggests a dependency of glycogen on normal muscle function. Evidence for a strong effect of muscle glycogen on muscle function comes from several sources. For instance, research has established a close relationship between muscle glycogen and fatigue resistance through experimental alterations in pre-exercise muscle glycogen reserves by dietary and exercise manipulations, or in the reliance on endogenous glycogen during exercise by modifying the availability of fuel sources (3, 9, 15) . Also, the McArdle disease, with deficient glycogen phosphorylase that restricts the metabolism of glycogen, leads to the development of profound fatigue during exercise (25) . Thus, there are clear indications that muscle glycogen must be available in a reasonable amount to maintain normal muscle function. However, the mechanism by which glycogen depletion leads to fatigue is still not understood. Paragraph 2. Studies on both rodent single fibers and humans have pointed to a modulating role of glycogen availability on sarcoplasmic reticulum (SR) Ca 2+ handling (5, 8, 29, 33) . By using mouse fiber bundles it has been demonstrated that when recovery after glycogen reducing contractions occurs in the absence of glucose supplementation, glycogen does not recover and fiber bundles are less resistant to fatigue in a subsequent series of contractions (5) . Further, studies on single muscle fibers in rat, have shown that the decrease in tetanic force at fatigue corresponds to the reduction in intracellular free Ca 2+ transients (5, 13) indicating that glycogen depletion is associated with a decrease of tetanic [Ca 2+ ] i . Indeed, Kabbara et al. (18) have shown that the decline of tetanic [Ca 2+ ] i in single muscle fibers of the cane toad during contractions corresponds with the decline in glycogen.
Paragraph 3. Recent findings from human studies support the findings in animal models where Ca 2+ kinetics is influenced by glycogen levels (9, 10, 33) . Duhamel and colleagues (10) examined the relation between muscle glycogen content and SR vesicle Ca 2+ release rate in untrained males during a prolonged fatiguing cycling session at ≈70 % of ̇O 2peak . The cycling session was preceded by a glycogen depleting exercise session and four days of either low or high carbohydrate (CHO) diet. Muscle glycogen content was markedly reduced at the initiation of exercise with the low CHO diet and deteriorations in SR Ca 2+ release occurred earlier during exercise in this condition compared to the high CHO diet. In a recent study we demonstrated an association between muscle glycogen and SR vesicle Ca 2+ release rate in arm muscles of elite cross-country skiers following a fatiguing cross-country skiing exercise (33) . Muscle glycogen levels were manipulated in the recovery period by diet intervention where skiers either were provided with either a CHO enriched diet or water during the initial 4h period following exercise. After 4h of recovery with CHO, SR vesicle Ca 2+ release rate was normalized and muscle glycogen content were markedly increased compared to post exercise, whereas both SR release and glycogen remained depressed in the group which did not receive CHO. Muscle glycogen was only reduced to a minor extent after the ski race in the leg muscles and there was no significant change in Ca 2+ release rate. Together the available reports strongly indicate a mechanistic role of glycogen on SR Ca 2+ release and muscle function. However, the association between low muscle glycogen, SR Ca 2+ regulation and dynamic muscle function, as peak power output remains unclear. This is of particular importance in elite athletes following e.g. prolonged exercise.
Paragraph 4. Based on existing human data, there is a critical level of muscle glycogen at around 250-300 mmol . kg -1 dw below which the SR Ca 2+ release rate is impaired (10, 33 and functional muscle performance, as peak power output, is at present unknown. Furthermore, little is known about the glycogen re-synthesis rate in these highly trained endurance athletes.
Paragraph 5. In the present study, we measured the muscle glycogen content, SR function and peak power output in highly trained triathletes before and during a 24h recovery period that followed a 4h glycogen depleting cycling exercise. By allowing or omitting CHO intake during the initial 4h of the recovery period, we were able to create an experimental design where changes in muscle glycogen level were separated from acute changes affecting SR Ca 2+ function and exercise performance. The purpose was to investigate the effects of 4h of glycogen diminishing cycling exercise on SR vesicle function and muscle mechanical function in leg muscles of male elite endurance athletes. A second purpose was to assess the rate of muscle glycogen re-synthesis in these athletes at elite level.
METHODS

Subjects
Paragraph 6. Fourteen male elite triathletes were recruited for the study (Table 1) . Six triathletes were current or former Danish National Team members, and four were recently placed in the top three at the European or World Long Distance Triathlon Championships. All subjects were fully informed of any risk associated with the experiments before verbal and written consents were obtained. The study was approved by Ethics Committee of Southern Denmark (Project-ID S-20090140).
Experimental overview
Paragraph 7. At least two days before the experimental part of the study, subjects visited the laboratory for preliminary tests and familiarization to the employed peak power (W peak ) test. The experimental part of the study comprised 4hrs of glycogen diminishing cycling exercise performed at 73% of the maximum heart rate (HR max ). During the first 4h recovery period that followed the exercise, the subjects were randomized to receive either water (H 2 O group) or a CHO enriched diet (CHO group), which allowed discrimination between muscle glycogen levels without the influence of acute effects of exercise on muscle function. After the initial 4h of recovery, all subjects received a CHO enriched energy intake for the remaining 20h of the 24h recovery period, thus both groups having received the same total food and beverages after 24h. Trainer, Fontaniva, Italy) subjects were able to employ personal bikes, shoes and pedals. Heart rate was sampled continuously throughout the trial and HR mean was monitored following exercise. A minimum intake of water corresponding to 1 ml·kg -1 ·h -1 was imposed during exercise. Room temperature (~22°C) and humidity (~35%) were standardized throughout the 4h cycling exercise. Subjects were instructed to eat normally and refrain from severe exercise on the day preceding testing.
Dietary manipulation and test procedure
Paragraph 13. Dietary intake was controlled and calculated on basis of body mass throughout experimentation. Breakfast in both groups was consumed 90 min and 4h before reporting to the laboratory for the extraction of the first (Pre) and fourth (24h) biopsy, respectively, and consisted of CHO rich foods (i.e. porridge oats, raisins, skimmed milk, orange juice and a sportsbar; 82 kJ·kg -1 bw). Following the prolonged exercise, the CHO group received a meal (1.07g CHO·kg Variables with skewed distributions were appropriately transformed (boxcox) before analysis.
Statistical analyses of the degree of association between glycogen and SR function were performed using linear regression (regress). Values are presented as mean ± SE. The level of statistical significance was set at P < 0.05. (Figure 2a ). 24 h following the cycling exercise, muscle glycogen content attained pre-levels in both groups (Figure 2a ). Fig. 3 ). Thus, SR Ca 2+ release rate and muscle glycogen content is temporarily associated (Fig. 2) and individual data are linear correlated (Fig. 3) .
RESULTS
Figure 1 and 2 near here
Importantly, taking advantage of the study design, the SR Ca 2+ release rate and glycogen content was closely associated after 4h recovery with and without CHO. Hence, both muscle glycogen and SR Ca 2+ release rate remained depressed in the H 2 O group whereas muscle glycogen and SR Ca 2+ release were significantly elevated in the CHO group in comparison to the Post measurement. (10, 26) and unaltered (19, 33) following exercise. These discrepancies in research may be related to the exercise mode and training status of individuals. Further, the intracellular glycogen localization may explain the observed discrepancies. Glycogen is localized in distinct subcellular compartments, and we have previously demonstrated that the particular localization of intermyofibrillar glycogen is associated with the muscle fiber relaxation rate, i.e. SR Ca 2+ uptake rate. There is also evidence that the glycogen distribution in the muscle fiber is dependent on training status and exercise mode (28, 30) and hence, it is difficult to quantify the effect of exercise on SR Ca 2+ uptake rate without considering individual and exercise factors. in SR vesicle Ca 2+ release occurred earlier after ingestion of a low CHO diet compared to the high CHO diet, indicating that total glycogen has a direct impact on SR Ca 2+ release. Another study from the same group of researchers supported these observations by reporting a similar association following 4 days of low or high CHO diet in untrained women (9) . Thus, there are convincing data demonstrating a direct association between SR vesicle Ca 2+ release rate and muscle glycogen content and these data gives further support to the existence of a critical threshold of glycogen required to protect SR Ca 2+ release as previously suggested by Duhamel and colleagues and Ørtenblad and colleagues (10, 33) . As SR Ca 2+ regulation is quantitatively, but not qualitatively, different between fiber types with an approximately 4 times higher SR uptake and -release rates in MHC II fibers (33) . Impaired SR function following exercise may be speculated to be fiber type dependent independent of glycogen content and/or fiber activation, however, to our knowledge such differences between fiber type SR exercise susceptibility or regulation is at present unknown. Hence, differences in average MHC distribution between groups in present study speculatively partly could explain differences between groups independent og glycogen contents.
Figure 3 near here
Paragraph 34. Coupling between muscle glycogen and SR Ca 2+ release rate. The mechanism by which glycogen modulates SR function remains speculative. According to the present and also previous studies, muscle glycogen seems to be a regulator of Ca 2+ release and, as a direct consequence, a regulator of contractile activity and ATP usage. It is recognized that glycogen, glycogen regulating proteins (i.e. glycogen phosporylase, glycogen synthase and glycogen debranching enzyme) and glycolytic enzymes (e.g. PK, GADPH, aldolase etc.) are physically associated with the SR membrane in skeletal muscle (6, 21, 22, 39) . Studies from Lees and colleagues demonstrate that these associations are dynamic and dependent on the glycogen state in the muscle cell (21, 22) . Hence, a dissociation of this glycogenolytic complex from SR has been observed during glycogen diminishing exercise and proposed to induce a structural modification of the SR, eventually altering its behavior (21, 22 (4) . These resting glycogen levels exceed by far previous values reported in moderately trained endurance athletes (≈380-460 mmol·kg -1 dw) and approach or even attain muscle glycogen contents observed following loading regimes in the same subjects (17) . Generally, the rate of glycogen re-synthesis has been reported to be in the range of 20-50 mmol·kg -1 dw·h -1 following glycogen diminishing exercise (for review see; (17) ). Half of the highly trained endurance athletes from the present study were provided with 1. (23, 27) . To our knowledge, this is the first study to evaluate alterations in mechanical muscle outputs from a long term exercise using a locomotion specific quantifier (i.e., peak power output from a sprint cycling protocol). Following exercise, maximal power generating capacity was significantly reduced by 5.5-8.9 % at different cadences (i.e. 100, 110, 120 and 130 RPM). Due to the muscle biopsy extraction, there was a delay of 20 min from termination of prolonged cycling exercise until determination of W peak and it is thus very likely that the observed reduction in PPO was, in reality, higher immediately following exercise (36, 38) . Further, with the delay between termination of exercise and biopsy, the observed impairment in maximal power generating capacity can probably not be explained by muscle depolarization and/or metabolic changes except from alterations in glycogen contents (decrease in ATP and PCr, and increased P i , H + or Cr), which would be normalized within 20 min recovery. However, both muscle glycogen content and SR vesicle Ca 2+ release rate were reduced following exercise and followed a pattern similar to that of W peak that were irrespective of supplementation following exercise. This could indicate that the loss in maximal power generation that follows a prolonged endurance exercise is associated with muscle glycogen content and SR Ca 2+ release rate. 
